Development, characterization, and quality assurance of advanced x-ray imaging technologies require phantoms that are quantitative and well suited to such modalities. This note reports on the design, construction, and use of an innovative phantom developed for advanced imaging technologies (e.g., multi-detector CT and the numerous applications of flat-panel detectors in dualenergy imaging, tomosynthesis, and cone-beam CT) in diagnostic and imageguided procedures. The design addresses shortcomings of existing phantoms by incorporating criteria satisfied by no other single phantom: (1) inserts are fully 3D-spherically symmetric rather than cylindrical; (2) modules are quantitative, presenting objects of known size and contrast for quality assurance and image quality investigation; (3) features are incorporated in ideal and semi-realistic (anthropomorphic) contexts; and (4) the phantom allows devices to be inserted and manipulated in an accessible module (right lung). The phantom consists of five primary modules: (1) head, featuring contrast-detail spheres approximate to brain lesions; (2) left lung, featuring contrast-detail spheres approximate to lung modules; (3) right lung, an accessible hull in which devices may be placed and manipulated; (4) liver, featuring conrastdetail spheres approximate to metastases; and (5) abdomen/pelvis, featuring simulated kidneys, colon, rectum, bladder, and prostate. The phantom represents a two-fold evolution in design philosophy-from 2D (cylindrically symmetric) to fully 3D, and from exclusively qualitative or quantitative to a design accommodating quantitative study within an anatomical context. It has proven a valuable tool in investigations throughout our institution, including low-dose CT, dual-energy radiography, and cone-beam CT for image-guided radiation therapy and surgery.
Introduction
Development, characterization and quality assurance of advanced x-ray imaging and therapy technologies require phantoms that are quantitative and well suited to such modalities. The development of such phantoms represents an active and challenging area of research in medical imaging and therapy physics. For example, Coffey and others have developed flexible head and body phantoms for guidance and dosimetry in radiosurgery (Coffey et al 1993, Duggan and Coffey 1996) . Multi-modality phantoms for quantitative assessment of imaging performance (Coffey et al 1989) , assessment of image quality in tissue-mimicking contexts (D'Souza et al 2001) and geometric cross-registration (Cloutier et al 2004) require carefully selected materials and configuration. Phantoms designed for imaging and guidance, for example MR-guided thermal therapy (McDonald et al 2004) , are clearly an important aspect of current work in image-guided interventions.
This note summarizes the design, construction and use of a phantom developed for advanced imaging technologies (e.g., multi-detector CT, cone-beam CT and preliminary investigation in various advanced applications of flat-panel detectors, such as dual-energy imaging and tomosynthesis). The phantom incorporates several design criteria that overcome shortcomings of existing designs: (1) inserts are fully 3D-spherically symmetric rather than cylindrical; (2) modules are quantitative, presenting objects of known size and attenuation for quality assurance and image quality investigation; (3) features are incorporated in ideal (uniform) and semi-realistic (anthropomorphic) contexts; (4) the phantom allows devices to be inserted and manipulated in an accessible module (right lung); and (5) the phantom was designed to support a variety of hypothesis-testing tasks, for example, detectability, discrimination, localization and size/distance estimation.
Design philosophy
The phantom represents a two-fold evolution in design: (1) from 2D (cylindrically symmetric inserts) to fully 3D (spherical inserts); and (2) from designs that are exclusively qualitative (e.g., anthropomorphic) or quantitative (e.g., test patterns) to a design that combines quantitative tools in a semi-realistic anatomical context.
A humanoid male phantom (1.75 m tall; 73.5 kg) was constructed as follows: (1) design 5 , (2) material formulation 5 , (3) material testing for CT number and uniformity 5 , (4) fabrication of modules 6 , (5) module testing for CT number and uniformity 5 and (6) assembly 6 . Arms and legs were excluded (figure 1(a)) beyond the mid-humerus and mid-femur, respectively.
The phantom consists of a body and a head, constructed with a natural human skeleton and five primary modules: (1) head, featuring contrast-detail spheres approximate to brain lesions; (2) left lung, featuring contrast-detail spheres approximate to lung nodules; (3) right lung, an accessible hull in which devices may be placed and manipulated; (4) liver, featuring contrastdetail spheres approximate to metastases under contrast uptake and (5) abdomen/pelvis, featuring simulated kidneys, colon, rectum, bladder and prostate ( figure 1(b) ).
The phantom incorporated commercially available materials and plastic spheres (Teflon, acetal, acrylic, nylon, polystyrene, polyethylene and polypropylene (Business Applications Ltd, Precision Balls Division, Reno, PA)) as far as possible. However, custom material formulations were also required (e.g., spheres with specific CT number, particularly those with CT number < −50 HU), with several inherent challenges to be addressed:
(1) design of materials with mean attenuation within ±5 HU of tissues specified by ICRU Report 44 (1989) and/or patient population estimates, (2) homogeneity in bulk medium (±5% throughout each module), (3) lack of interface effects between various plastics and/or layers within each module (e.g., settling of materials, such as antimony (Sb) or microballoons, added to adjust HU) and (4) minimization of air pockets, particularly near spherical inserts and at layer/module interfaces. Each of these was satisfied by iteration in formulation and testing-reformulating several materials as much as six times to achieve the desired specifications. Each formulation of polyurethane (denoted by polyU) was tested on a GE Lightspeed CT scanner prior to incorporation in the body phantom. The scanning technique was consistent across all samples: axial mode acquisition; 0.8 s/rotation; 2.5 mm slice thickness; 4 slices/rotation; 10 mm axial interval; large FOV; 120 kVp; 200-300 mA; smooth filter. CT numbers were analysed using the scanner's ROI tool, with typical ROI size 1500-2000 mm 2 . The images presented in this paper were rendered using 3D visualization software (Vivace; Cedara Software Corp., Mississauga, ON).
The phantom was constructed using Rando R material (20-30 HU), with custom head, lungs, liver and abdomen detailed in tables 1-5. All specified CT numbers are absolute (0 HU for water), and the CT numbers shown do not necessarily correspond to that of the specific organ (Coffey et al 1993) ; rather, they represent the background material being ∼20 HU instead of ∼0 HU. The contrast between the components of each module and the surrounding Table 1 . Within the head are two layers of spheres of varying size and contrast arranged to facilitate 3D contrast-detail measurements. Spheres labelled A1-A7 are of fixed contrast (84 HU) at varying diameter (1.6-12.7 mm). Spheres labelled B1-B7 are of varying contrast (10-100 HU contrast) at fixed diameter (12.7 mm). PolyU * refers to Rando R polyurethane mixture (20-30 HU) and PolyU+Sb * * refers to custom poly-urethane formulations with Sb added to increase the HU (30-130 HU). " " 3.2 mm " " " " A3 " " 4.8 mm " " " " A4 " " 6.4 mm " " " " A5 " " 7.9 mm " " " " A6 " " 9.5 mm " " " " A7 x 3 " " 12.7 mm " " " " Layer I and II: Spheres (Variable Contrast) B1 PolyU+Sb** 12.7 mm (39 ± 10) HU 11 HU B2 " " " " (50 ± 10) HU 22 HU B3 " " " " (73 ± 10) HU 45 HU B4 " " " " (94 ± 10) HU 66 HU B5 " " " " (116 ± 9) HU 88 HU B6 " " " " (131 ± 10) HU 103 HU B7
Component
" " " " environment was constructed to be realistic; therefore, the CT number for each component provides correct contrast relative to the background. For example, the prostate tissue has a CT number of ∼20-30 HU; however, the CT number for the prostate component in the phantom was ∼45 HU, so that the contrast was correct relative to the ∼25 HU background material.
Head
The head module is summarized in table 1. The measured background CT number in the head was 28 ± 10 HU. The head consisted of two layers. Layer I was composed of spheres that varied in both diameter (group A) and contrast (group B). Spheres in group A varied in diameter (1.6, 3.2, 4.8, 6.4, 7.9, 9.5, 12 .7 mm) and were made from acrylic (figure 2). These seven spheres were placed in the skull such that the equator of each sphere resided in a single transverse slice (±1 mm). Group B shared a constant diameter (12.7 mm) and varied in contrast as shown in table 1. Spheres in group B were formed from custom Rando R +Sb formulations engineered to the specific CT numbers (antimony, Sb, added according to the desired CT number). Layer II was the same as layer I, but in a transverse plane ∼30 mm inferior to layer I, with groups A and B switched anteriorposterior.
Left lung
The left lung module is summarized in table 2. The left lung was formed from a custom polyurethane formulation (denoted by Rando R +µB) incorporating micro-balloons to simulate a clumpy background approximating the lung (∼ −700 ± 10 HU) in a manner that best met Table 2 . The left lung module is formed from a modified poly-urethane mixture containing micro-balloons denoted by PolyU+µB. The formulation was chosen to give background CT number (∼ −700 HU) and inhomogeneous structure similar to lung, as judged qualitatively by chest radiologists. The lung contains random and ordered arrangements of spheres varying in size and contrast (from 'ground-glass opacity' to 'solid nodule'). Contrast of spheres was adjusted by various mixtures of PolyU+µB ranging from −700 to 20 HU. Table 3 . The right lung was adapted from commercially available radiosurgery verification phantoms (Coffey et al 1993, Duggan and Coffey 1996) . The interior of the module is accessible via an opening in the shoulder, through which devices may be placed and manipulated by means of a rod and ball joint. The module is water-tight, and the dimensions are as large as allowed by the rib cage. Intended applications include dosimetry, incorporation of auxiliary motion and flow phantoms, and image-guided procedures, such as thoracic biopsy.
Component

Component:
Description: Background Air-filled, water-filled, etc.
Water-Tight Hull Cellulose Acetate Butyrate (CAB).
Ball Joint Allows manipulation and orientation of objects within the lung.
Tumour Capsule Example test object suspended on one end of an adjustable rod.
with the radiologists' approval upon visual inspection in CT (in comparison, e.g., to cork, sponge, etc). Four layers of spherical inserts were incorporated. Layer I consisted of seven spheres (group E; polystyrene with a diameter of 3.2 mm) randomly dispersed in x, y and z, such that no two spheres were placed within ∼10 mm of one another nor within a single transverse plane. Layer II consisted of two groups of spheres (groups C and D). Spheres in group C varied in diameter (1.6, 3.2, 4.8, 6.4, 7.9, 9.5, 12.7 mm) (figure 2). Spheres C1 through C6 were polystyrene and C7 was polypropylene. One of the spheres (e.g. C2) features an air cavity, intended to simulate a cavitating nodule. Spheres in group D had a constant diameter of 12.7 mm, formed from Rando R +µB and varied in contrast as shown in table 2. One of the spheres (e.g. D1) is homogenous, intended to simulate an inhomogeneous tumour or a calcified nodule. Layer III was the same as layer II, with groups C and D switched anterior-posterior. Similarly layer IV was the same as layer I, but located in the inferior portion of the lung.
Right lung
The design of the right lung is illustrated in figure 1(b) and summarized in table 3. The body phantom was cut at the shoulder as high as possible such that a rotation ball and cover plate could be accommodated. The lung is water-tight, and the dimensions were as large as the rib cage would allow. The posterior aspect descends as far as possible within the thorax, down to the level of the diaphragm and liver (table 3). The right lung provides an accessible region in the chest for dosimetry measurements, model interventional thoracic procedures and accommodation of auxiliary modules for flow and organ motion.
Liver
The liver module is summarized in table 4. The liver was designed with a background CT number of 59±9 HU. The liver contains two distinct layers: layer I and layer II, consisting of Table 4 . The liver is roughly anthropomorphic, with contrast to the body background (59 HU) approximate to ICRU liver, and containing arrangements of spheres of varying contrast and size. Contrast values were chosen similar to those of a liver metastasis under contrast injection, from −20 HU (non-contrast) through 70 HU (peak contrast). Layers I and II are similar, separated by ∼3 cm, with the group A and B spheres reversed. " " 3.2 mm " " " " A3 " " 4.8 mm " " " " A4 " " 6.4 mm " " " " A5 " " 7.9 mm " " " " A6 " " 9.5 mm " " " " A7 x 3 " " 12.7 mm " " " " Layer I and II: Spheres (Variable Contrast) B1 PolyU+Sb** 12.7 mm (37 ± 8) HU -21 HU B2
Component
" " " " (47 ± 10) HU -11 HU B3
" " " " (66 ± 10) HU -8 HU B4
" " " " (86 ± 9) HU 28 HU B5 " " " " (109 ± 11) HU 50 HU B6 " " " " (130 ± 8) HU 72 HU (Layer I shown). B7
" " " " (60 ± 8) HU 1 HU (Similar orientation in Layer II.)
Sphe res A1 -A7
Sphe res B1 -B7 4.8, 6.4, 7.9, 9.5, 12 .7 mm; acrylic ∼110 HU) and group B (diameters: 12.7 mm; Rando R +Sb with contrast varying as in table 4). Sphere 7 in group B (i.e., B7) provides 60 ± 8 HU, which was targeted to be very close to (but not equal to) the background HU (±2 HU).
Abdomen/pelvis
The abdomen/pelvis module is summarized in table 5. The abdomen contained seven moulded anthropomorphic organs with CT number selected to give an appropriate contrast relative to the Rando R material background: kidneys (left: 25 HU; right: 24 HU), bladder (∼0 HU interior), colon (12 HU), rectum (13 HU), prostate (18 HU) and seminal vesicles (5 HU) as shown in table 5.
Applications and future work
The development and implementation of advanced x-ray imaging technologies is among the most important areas of research and clinical development in medical physics, and as imaging technologies evolve, tools for system evaluation-such as imaging phantoms-must evolve in a consistent manner. The phantom reported here offers a useful tool for basic research, system development and quality assurance of advanced x-ray projection and CT imaging systems. The design represents an evolution in phantom design in at least two respects: (1) elements for quantitative analysis in spherical structures that are better suited to 3D (nearly isotropic) imaging modalities, such as multi detector CT (MDCT) and cone-beam CT; (2) quantitative and qualitative elements, presenting quantitative components in idealized and semi-realistic contexts as well as purely qualitative, anthropomorphic components.
The phantom has found application in research throughout our institution, and we anticipate future investigations encompassing basic research, systems development and quality assurance. Several examples include: (1) low-dose CT for quantifying the low-dose limits of lung nodule detection, (2) advanced applications of flat-panel detectors (e.g., dual-energy imaging and tomosynthesis), (3) image quality evaluation in cone-beam CT, (4) MDCT for analysis of fully 3D contrast-detail image quality evaluation, (5) image-guided radiation therapy for visualization and segmentation of normal and target soft-tissue structures, (6) dosimetry and real-time flow and motion imaging, facilitated by a flexible, open-concept module in the chest and (7) image-guided surgery for analysis of image quality in bone and soft-tissue structures. The phantom serves as a valuable prototype for concepts to be incorporated in the future designs for various imaging modalities.
